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Abstract 

Background: The Burgess Shale is well known for its preservation of a diverse soft-bodied biota dating from the 
Cambrian period (Series 3, Stage 5). While previous paleoecological studies have focused on particular species 
(autecology) or entire paleocommunities (synecology), studies on the ecology of populations (demecology) of 
Burgess Shale organisms have remained mainly anecdotal. 

Results: Here, we present evidence for mass molting events in two unrelated arthropods from the Burgess Shale 
Walcott Quarry, Canadaspis perfecta and a megacheiran referred to as Alalcomenaeus sp. 

Conclusions: These findings suggest that the triggers for such supposed synchronized molting appeared early on 
during the Cambrian radiation, and synchronized molting in the Cambrian may have had similar functions in the 
past as it does today. In addition, the finding of numerous juvenile Alalcomenaeus sp. molts associated with the 
putative alga Dictyophycus suggests a possible nursery habitat. In this nursery habitat a population of this animal 
might have found a more protected environment in which to spend critical developmental phases, as do many 
modern species today. 
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Background 

The incompleteness of the fossil record makes recons- 
tructing animal ecosystems of the past, a particularly 
challenging task. Fortunately, a few exceptional sites, 
generally referred to as fossil Lager stdtten, preserve far 
more paleoecological information than do normal fossil 
deposits. Arguably the best-known Konservat-Lagerstatte 
is the famous middle Cambrian (Series 3, Stage 5; ca. 
505 million years old) Burgess Shale in British Columbia, 
Canada. This deposit is famous for its exquisite preser- 
vation of soft-bodied animals, and provides critical clues 
to the structure and functioning of animal communities 
in the aftermath of the Cambrian bioradiation (often 
called the 'Cambrian explosion'). 

Our knowledge of the Burgess Shale community is 
mostly based on autecological studies involving recons- 
tructions of the fossilized organisms' functional morpho- 
logy, as well as detailed comparative anatomical studies 
(for example, [1-3]). However, autecological reconstructions 
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can serve as a basis for synecological consideration, e.g., 
predator-prey interactions [4], and the study of larger com- 
munity and ecological patterns (for example, [5]). Although 
paleoecological investigations are often limited to morpho- 
logical information about the species under investigation, 
the Burgess Shale also provides evidence of animal activities 
in the form of trackways [6], other trace fossils [7], and gut 
contents [8]. Even behavior is sometimes preserved by be- 
ing "frozen" in time, for example, a specimen of Marrella 
splendens Walcott, 1912 was caught in the act of molting 
[9], several specimens of Ottoia prolifica Walcott, 1911 
were preserved while scavenging together on a carcass 
[8,10], and trilobites have been preserved within the empty 
tubes of priapulid worms [11]. Such data, although still 
scarce, add to our knowledge of both individual behavior 
(autecology) and interactions among coexisting species 
(synecology). Direct synecological evidence also includes 
brachiopods attached to sponges [12], but, so far, detailed 
records of behavior at the population level (that is 
demecology) in Burgess Shale-type deposits have been 
limited to the arthropod Synophalos xynos (Hou et al, 
2009) from the Chengjiang Biota walking in chains [13,14], 
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and the finding of similar food items in the guts of entire 
populations of Ottoia prolifwa [8]. 

Here, we report the finding of hundreds of exuviae of 
two different arthropods from the Burgess Shale Walcott 
Quarry. Together, they represent the largest accumula- 
tion of soft-bodied fossil exuviae known from Cambrian 
Burgess Shale-type deposits. The finds indicate synchro- 
nized molting behavior for populations of two different 
species. Possible causes and mechanisms of such coordi- 
nated behavior are discussed. 

Methods 

All the studied specimens are stored at the Royal Ontario 
Museum (ROM) in Toronto, Canada. All specimens were 
collected in situ below the base of the original Walcott 
Quarry (Fossil Ridge, Yoho National Park, Canada) in dif- 
ferent stratigraphic intervals interpreted as representing 
individual burial events preserving community snapshots 
[5,15]. In this paper, we illustrate several large clusters of 
specimens of Canadaspis perfecta (Walcott, 1912) [16] 
(for example, ROM 56954 and ROM 62274) collected 
from level -350 (approximately 350 centimeters below the 
base of the original Walcott Quarry, see [15]), as well as 
several megacheiran clusters (ROM 62275) and individual 
specimens (ROM 57711) collected at level -120. A single 
specimen of C. perfecta (ROM 61119) with gut trace, col- 
lected at level -320, is also illustrated for comparison with 
the molt assemblages. For all slabs, the presence of abun- 
dant and diverse soft-bodied organisms representing a 
range of sizes and belonging to different groups of organ- 
isms suggests no significant taphonomic biases, including 
transport and time averaging [15,17]. 

Specimens in Figures 1 and 2 were photographed under 
normal or polarized light with a digital camera. Some close- 
up images were taken with a Scopetek DCM 510 ocular 
camera (Hangzhou Scopetek Opto-Electric Co., Hangzhou, 
China) through a Nikon SMZ 1500 stereomicroscope 
(Nikon, Tokyo, Japan). Images in Figure 3 were, in most 
cases, recorded as stacks and fused with CombineZM/ZP 
(Alan Hadley). More than one stack was recorded for some 
specimens when the field of view was limited. Each stack of 
images was fused, and the fused images were then stitched 
together with Adobe Photoshop CS3 (Adobe Systems, San 
Jose, CA, USA) or Microsoft Image Composite Editor 
(Microsoft Corporation, Redmond, WA, USA). 

Additionally, a mass aggregation of exuviae of the mala- 
costracan crustacean Anthonema problematicum Walther, 
1904 from the Upper Jurassic Solnhofen Lithographic Lime- 
stones of southern Germany was examined. The slab was 
collected by R. Frattigiani, Laichingen, and is part of the col- 
lection of the Staatliches Museum fur Naturkunde Stuttgart 
under the repository number SMNS 70109. The complete 
aggregation was documented under macrofluorescence, and 



a single specimen under microfluorescence conditions 
(wavelength 546 nm; for details, see [18] and [19]). 

Results 

A collected slab about 1 m 2 in area (ROM 62274, 
Figure 1A,B) is almost entirely covered in individual 
shields of the bivalved arthropod Canadaspis perfecta. 
At least 743 specimens are preserved on this surface, of 
which fewer than 10% show evidence of preservation of 
the thoracic region. There is no evidence of specimens 
showing preservation of the gut (Figure IB). This slab 
was collected from an area about 45 m 2 in total, which 
exhibited a similarly dense association of fossils, sug- 
gesting that tens of thousands of specimens were buried 
along this particular bedding interval, most of which 
belonged to C. perfecta. The specimens are so densely 
packed that they overlap each other and could represent 
a mass mortality event. However, most, if not all, of 
these specimens are identified as exuviae based on their 
preservation and lack of gut traces (for comparison with 
known carcasses of C. perfecta, see the slab collected 
from the same layer, and one at a slightly different layer, 
as shown in Figure 1C-E). Most of the shields appear to 
be deformed, indicating their softness at the time of 
preservation. This deformation and poor preservation is 
not a taphonomic effect, as other organisms preserved 
on the same slab (ROM 62274), such as some specimens 
of Wiwaxia corrugata Matthew, 1899, Ottoia prolifica 
(often with preserved gut supporting the view that the 
lack of gut in C. perfecta is not an artifact), and up to 35 
additional species, are all well preserved and do not 
show evidence of disassociation or breakage (see [5]). Al- 
though the size of the specimens cannot be measured 
with confidence due to their softness, overlap at burial 
and diagenetic deformation, as well as post-diagenetic 
tectonization (which has left many specimens sheered 
with a glossy surface), all specimens appear to be roughly 
similar in size. 

ROM 62275 and ROM 57711 are covered in fossils 
of a megacheiran ("short great-appendage") arthropod 
(Figure 2). A single slab (0.1 m 2 ) contains more than 300 
specimens on the same bedding plane (Figure 2A,B) 
and there is no evidence of preferential orientation 
of the specimens, suggesting limited or no transport 
(Figure 2C). The largest specimens are up to 2 cm in 
length from the posterior margin of the telson to the an- 
terior margin of the first somite. The preservation is 
quite faint (Figure 2D,E), while other specimens from 
other species occurring on the same slabs are well 
preserved. The somite boundaries are preferentially pre- 
served, producing a typical denticulate pattern, sugges- 
ting that the tegument covering the segments was very 
thin and possibly decayed. The trunk appendages are 
poorly preserved, and the telson is missing in most cases 
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(but see Figure 2E,F). All specimens also appear to lack 
the head shield (Figure 2E). When the frontal appen- 
dages are present, they are often tilted ventrally and at a 
right angle when seen in a lateral view (Figure 2E). The 
lack of a cephalic shield, the right angle between the 
frontal appendages and the trunk, the presence of nu- 
merous isolated parts, and the poor preservation of 
exoskeletons support the hypothesis that the specimens 
observed in this study are molts and not carcasses. 



The specimens clearly represent a megacheiran species 
because of their similar number of segments (11) and 
great appendage morphology, which features 3 elongated 
finger-like spines that continue into (possibly) mul- 
tiannulated feeler-like structures. The specimens seem 
to differ from all other known megacheiran arthropods 
from the Burgess Shale, however, in telson shape and or- 
namentation. The telson shape of this form is elongated 
and pentagonal, with spines arranged along the entire 
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Figure 2 Supposed synchronized molting of megacheirans. (A-D) ROM 62275; (A) overview of the specimens (cross-polarized light); (B) 
close-up image of (A); (C) rose diagram of relative orientation of megacheiran specimens (N = 306); (D) close-up image of (B) showing 
associations with Dictyophycus gracilis Ruedemann, 1931, a putative alga, and Morania spp. Walcott, 1919, a putative cyanobacteria; (E,F) ROM 
5771 1, single specimen with well-preserved telson (close up in (F)). Scale bars: 2 cm (A,B), 0.5 cm (D); 0.2 cm (E); 0.1 cm (F). 

V J 



margin. These can be differentiated into larger and smal- 
ler spines. Additionally, the telson has a pronounced keel 
not known in other megacheirans from the Burgess Shale. 
Whether these differences represent valid taxonomic dif- 
ferences or whether these individuals can be considered 
juvenile stages of known megacheirans, such as species of 
Alalcomenaeus, is uncertain. A detailed morphological de- 
scription of this material and a taxonomic treatment of 
the species is not part of this study, and following previ- 
ously published reports [5,15], the material is here referred 
to as Alalcomenaeus sp. 



Discussion 

Exuvial nature of the fossils 

As mentioned above, the specimens found here in ag- 
gregations are interpreted as exuviae. The shields of 
Canadaspis perfecta appear to be slightly deformed, dis- 
tantly reminiscent of "Nathorstia transitans" specimens 
of Olenoides serratus (Rominger, 1887) [20]. Nathorstia 
transitans was originally considered to be a species of a 
kind of soft-bodied trilobite, but Whittington [20] could 
demonstrate that these are remains of freshly molted 
specimens of Olenoides serratus. 
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Figure 3 Anthonema problematicum Walther, 1904, Upper Jurassic, Solnhofen Lithographic Limestones, Southern Germany. (A) Mass 
aggregation of exuviae under macrofluorescence, SMNS 70109, ex coll. Frattigiani, Laichingen; (B), close-up image of single exuvia under 
microfluorescence conditions. See [18,19] for details on methods. Scale bars: 1 cm (A); 1 mm (B). 



The exuvial nature of the small megacheirans is also 
apparent due to their faint preservation in comparison 
with other specimens on the same slab. In addition, the 
incompleteness of the fossils, in this case the systematic 
lack of the head shield and ventral rotation of frontal ap- 
pendages, are clear indicators of their exuvial nature as 
previously reported [15]. This state of preservation re- 
sembles the "open molt position" of a number of mo- 
dern decapod crustaceans [21,22], as well as fossil lobsters 
and other fossil decapods [23,24]. 

It must be noted that, although the specimens of 
Canadaspis perfecta (ROM 62274) as well as those of 
Alalcomenaeus sp. (ROM 62275, ROM 57711) are in- 
terpreted as exuviae, they differ significantly. The speci- 
mens of C. perfecta almost exclusively feature preserved 
shields, while the small megacheirans show preservation 
of most of the body, but always lack the shield. This 
could indicate that only the more strongly sclerotized 
parts of the organisms are preserved, but, given that the 
shield is usually more strongly sclerotized than other 
parts, it would be expected to be present in the spe- 
cimens of the megacheiran arthropod. The absence of 
preserved megacheiran arthropod shields could also be 
understood as an indication of a two-step molting 
process: for example, first the shield is molted, and 
then, later, the remaining body parts. A two-step molting 
process would explain why there are mostly shields 
preserved in the C. perfecta specimens, while in the 
Alalcomenaeus sp. specimens, everything other than the 
shield is preserved. Two-step molting is known in extant 



arthropods, especially in isopods. In isopods, the anterior 
and posterior body regions are molted separately [25]. 
This demonstrates that two-step molting is possible in 
principle. The pattern assumed for the two fossil assem- 
blages described here, that of molting head shields and 
then molting the remaining body parts, however, is not 
known from modern arthropods. The inference of such 
a molting pattern must therefore remain speculative. 
Nevertheless, this pattern provides a plausible explan- 
ation for the observed fossils. A taphonomic explanation 
is less likely; the fossil assemblages are mixed with speci- 
mens of different sizes belonging to different species, 
and there is no evidence of preferential sorting by size, 
which could have selectively preserved some parts and 
not others. 

Synchronized molting: triggers 

The presence of many aggregated exuviae of a single 
species indicates synchronized molting behavior of an 
entire population or, at least, of a cohesive part of it, 
that is, of a sub-population. Such coordinated molting 
behavior is known from a wide variety of extant arthro- 
pod groups, including various crustaceans, insects and 
arachnids. 

Synchronization of molting can be triggered by ex- 
ternal abiotic factors. Johnson et al. [26] reported syn- 
chronized molting in aphids, and interpreted this to be 
caused by the circadian rhythm. Circadian rhythms have 
also been suggested to be important for synchronizing 
molt timing in aquatic organisms, for instance, for larval 
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molts in lobsters [27]. Tarling and Cuzin-Roudy [28], 
however, discussing the possibility of the influence of 
external factors, excluded external Zeitgebers (factors 
influencing timing) from the factors responsible for syn- 
chronized molting in krill. They propose active com- 
munication among individuals as the main trigger for 
synchronization. 

For terrestrial arthropods, synchronized molting ap- 
pears particularly often to be actively induced by the 
organisms themselves through pheromone communica- 
tion. This has been demonstrated for colonial spiders 
[29] and group-living collembolans [30], and was also 
suggested for dermestid beetles [31]. In these examples, 
however, the groups that synchronize their molting are 
relatively small. In krill, which congregate in much larger 
groups, molting is synchronized at the population level 
[28] with at least 50% of the entire population molting 
within 48 h [32]. For krill, pheromones may well play 
an important role, but it remains to be demonstrated; 
visual communication has also been proposed (see 
[28] for references). 

It is, of course, difficult to infer the means of commu- 
nication among fossilized individuals. Yet, the fact that a 
large part of a (sub-) population molted at the same time 
must be seen as an example of a "smoking gun" (for ex- 
ample, [33]), indicative of communication among in- 
dividuals or an external stimulus, or both. The most 
plausible assumption concerning communication would 
be that it was mediated by pheromones, especially given 
that hormones coupled to molting are known to be used 
for communication in modern arthropods. For instance, 
the sex pheromone of shore crabs is assumed to be a 
metabolic derivative of the molting process [34], and ap- 
pears to be also present in other decapods. Sea spiders 
(Pantopoda) also use molting pheromones as a feeding 
deterrent for defense against attacking arthropods [35]. 
It is therefore not unlikely that, even as early as half a 
billion years ago, arthropods "communicated" via phero- 
mones to synchronize their molts. Recent findings in- 
dicate that the brains of Cambrian arthropods were 
already relatively complex, facilitating quite complex be- 
havior [36,37]. 

The fossil assemblages described here as possible ex- 
amples of synchronized molting are also important for 
understanding the ontogeny of these arthropods, as 
there is likely an external trigger influencing the timing 
of molting and, therefore, also growth. The developmen- 
tal biology of fossil organisms has become an important 
field of research, known as palaeo-evo-devo [38,39] (see 
also [40]). The developmental biology of extant organ- 
isms has also gone one step further toward understand- 
ing which external factors influence ontogeny, under the 
name of eco-devo [41,42], The Burgess Shale examples 
described here could be seen as a first step toward a 



paleo-eco-devo approach. It is a first indication of how 
external triggers may have influenced the development 
of individual fossil arthropods. 

Synchronized molting, function 1: reproduction and 
predation prevention 

Molting in malacostracan crustaceans is often coupled 
to reproduction and maturation of the ovaries (for ex- 
ample, [43,44] and references therein), as both molting 
and gametogenesis are controlled by the same hormone 
[45]. One such example is krill, where synchronized 
molting behavior has been demonstrated to be coupled 
to ovary development and spawning [28]. This synchro- 
nization of spawning in krill is thought to reduce the 
predation pressure on the spawning adults and the off- 
spring [46]. 

The coupling of molting and mating (in this context, 
mating should be clearly distinguished from spawning, 
see below) is also known from other extant arthropods, 
but is restricted to "soft-shell maters," that is, species 
that only mate right after molting. Examples can be 
found in different crustaceans (see [47]), for example, in 
crabs [34] and isopods [48,49]. This behavior is a highly 
derived feature, and as far as it is known, it is not linked 
to synchronized molting involving more than one mat- 
ing couple. Synchronized molting has been suggested to 
be coupled to mating for fossil organisms such as trilo- 
bites [50,51] and eurypterids [52,53]. In some of these 
studies, such an assumption appears to be partly based 
on comparisons with extant xiphosurans, but such com- 
parisons are problematic; while indeed several popula- 
tions of Limulus polyphemus (Linnaeus, 1758) meet in 
large groups to come ashore and mate (e.g., [54]), this 
process is not coupled to molting at all. Furthermore, 
not all populations of L. polyphemus mate in large den- 
sities, and under low densities the females exhibit mon- 
ogamous mating behavior [55]. Therefore, synchronized 
mating is not a behavior generally characterizing the 
species of extant xiphosurans. It does not appear to be 
a ground pattern feature of Xiphosura; so, based on 
phylogenetic reasoning, there is no indication for syn- 
chronized mating in eurypterids [53]. Newer evidence 
indicates that spermatophores were involved in euryp- 
terid mating, so their mating was more similar to 
that in scorpions and other arachnids than to that in 
xiphosurans [56]; considering this aspect, mating and 
spawning was most probably decoupled in eurypterids. 
Although we cannot completely exclude a coupling of 
synchronized molting and mating in eurypterids or in 
trilobites, these data do not provide positive evidence for 
such a coupling. In both groups, however, the coupling 
of synchronized molting and spawning, as is known 
to occur in krill and other crustaceans, could yield a 
plausible explanation for the observed aggregations of 
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exuviae; this hypothesis could be supported if also eggs 
and/or larvae are found in these places. 

In the examples described in this paper, synchronized 
molting coupled to spawning is also a possible explan- 
ation for the aggregation of Canadaspis perfecta exuviae. 
The specimens are of large size and appear to represent 
adults exclusively. Thus, it is plausible to assume that 
a whole population, or sub-population of a seemingly 
gregarious species actively coordinated molting. The 
coupling of molting en masse to spawning would have 
reduced the predation pressure not only on individual 
organisms, but especially on the resulting offspring. 

For the case of the small megacheiran fossils, this ar- 
gument cannot explain the supposed synchronization of 
the molts. All specimens noted are most likely immature 
juveniles, much too small to be adults (supposed adults 
are present in further material still under study), but too 
large to represent young larvae. Nevertheless, the reduc- 
tion of predation pressure on animals molting in a group 
seems to be applicable here as well. 

Aside from the coupling of synchronized molting and 
reproduction, another ecological function has been pro- 
posed for the aggregation of exuviae. Kim [57] suggested 
that group molting among colonial spiders is an adapta- 
tion that maintains a similar size among all individuals, 
which helps to reduce cannibalism during the molting 
period. This could indeed be an explanation for the 
case of the supposed synchronized molting in the 
new megacheiran, as megacheirans are also interpreted as 
predators [2,3,58]. 

Mass molting to reduce cannibalism could also be appli- 
cable in other cases in which predatory species synchro- 
nize their molting, for example, the above-mentioned case 
of eurypterids, or the occurrence of large masses of man- 
tis shrimps (Stomatopoda) in Carboniferous deposits in 
Germany [59]. A coupling of cannibalism prevention to 
reproduction would be plausible in these predatory spe- 
cies; if molting is coupled to reproduction, there should be 
multiple selective pressures at play to reduce predation on 
the new young and the molting parents simultaneously, 
one part of it being the reduction of cannibalism. 

Given the multiple selective pressures favoring syn- 
chronized molting over uncoordinated molting, it would 
follow that synchronized molting should be the rule 
among arthropods, but it is not. Coordination of behav- 
ior has several costs. In particular, and most importantly, 
a communication system, in this case, most likely a 
pheromone that triggers the behavior, has to evolve. 
These costs only pay off if the density of individuals is 
high enough to truly provide real "safety in numbers" 
during the molt, that is, if synchronized molting pro- 
vides such a mass of possible prey that the danger to a 
single individual is significantly reduced. Additionally, 
if the synchronized molting is communicated via a 



pheromone, this pheromone could also act as a kairo- 
mone to attract predators. The presence of large car- 
casses of the priapulid Ottoia prolifica on the slabs 
with the megacheiran exuviae could be interpreted as 
an indication for such an interpretation. Still, given 
the fact that the evolution of a pheromone coupled to 
molting appears to be relatively simple and that there 
are numerous examples among extant species where 
synchronized molting provides a benefit, such phero- 
mones might have been more widespread among fos- 
sil arthropods than currently recognized. 

Synchronized molting, function 2: Burgess Shale fossil 
associations, possible nursery habitats 

Associations of juveniles of marine invertebrates with 
macrophytes are well documented in many marine en- 
vironments from temperate to tropical waters. These 
zones are referred to as nursery or juvenile habitats 
[60,61]. Macrophytes provide a food supply and support 
for organisms with complex life histories that require 
settlement sites during their post-larval and juvenile 
stages, and offer ideal conditions for animals to molt in 
a relatively safe environment [61-63]. Experiments on 
seagrass meadows have shown that predation upon sea- 
grass shrimps is higher on unvegetated bottoms than on 
vegetated ones, demonstrating the role of macrophytes 
as predatory refuges as well [64]. Nursery habitats do- 
minated by macrophytes are usually in shallow littoral 
zones and in relatively protected areas, for example, the 
nursery habitats of shallow water palinurids usually 
range from 1 m to 4 m deep, though they can also be 
found much deeper than 20 m [65]. Algal cover can re- 
main abundant below 200 m in tropical waters [66], and 
nursery habitats dominated by algae can potentially 
extend down to the limit of the photic zone. A diverse 
fauna associated with detached algae has also been dis- 
covered in a deeper benthic community in an open sho- 
reline environment, demonstrating that algae play an 
important role in the recruitment of marine inverte- 
brates even after algal death and transport [67]. Even 
though macrophytes are crucial to the organization and 
diversity of modern marine shallow communities [61], 
the origin and evolutionary significance of nursery areas 
have never been assessed. One potential reason for this 
disinterest is that nursery areas, which are composed of 
juveniles of many invertebrates, have a very low potential 
of preservation: many marine invertebrates, especially 
juveniles, are usually composed of soft tissues that do 
not preserve well in the fossil record [68]. The Burgess 
Shale megacheirans are often associated with Dictyophy- 
cus gracilis Ruedemann, 1931, a putative algae (Figure 2D; 
[69]), and are often entangled with fragments of Mo- 
rania spp. Walcott, 1919, a group of putative cyano- 
bacteria (Figure 2D; [70,71]). These organisms might have 
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provided suitable substrates for the megacheirans to molt. 
While it is difficult to be positive about this implied rela- 
tionship, the Burgess Shale might represent one of the 
oldest examples of a nursery habitat preserved in the fossil 
record (see [72] for a possibly older example). 

Synchronized molting: fossil record 

The cases described in this paper represent the oldest 
known occurrences of possible synchronized molting in 
non-calcified arthropods. The only older supposed ex- 
ample was described from trilobites from the early 
Cambrian of South Australia [72]. The next youngest 
examples are the supposedly synchronized molts of 
Ordovician trilobites [51] and of eurypterids in the 
Silurian [52,53]. Trilobites from the Devonian are also 
known to occur as aggregated exuviae, although in smaller 
groups [50]. Another example is that of fossil mantis 
shrimps from the Carboniferous [59]. In the latter, how- 
ever, the exuviae appear to co-occur with carcasses. From 
the Jurassic, the supposed mysid shrimp Anthonema 
problematicum has been found in (calculated) abundances 
of up to 30,000 specimens per m 2 , all of them 
representing exuviae (Figure 3A,B; [73]). 

As these examples show, there are several cases of 
supposed synchronous molting events in the fossil re- 
cord of representatives of modern groups. Trilobites, 
however, are a counterexample, as they are derivatives 
of the evolutionary lineage towards Crustacea sensu lato 
(= Mandibulata plus close relatives) [74-76]. Both cases 
described in this paper also represent species that bran- 
ched off their evolutionary lineages before the crown 
group of, possibly, Euarthropoda and Chelicerata, res- 
pectively. This indicates that early forms of arthropods 
also appear to have performed complex interactions at 
population levels in similar ways to those known from 
various extant in-group representatives. 

Conclusions 

Whether the supposed synchronized molting events de- 
scribed here were indeed coupled to complex chemical 
communications among individuals of the same popula- 
tion must remain speculative. This is, after all, the first 
case described in which supposed synchronized molting 
has been found in two separate species in the same 
Lagerstatte. It may also be likely that different ecological 
functions triggered the two cases described here. While 
synchronized molting might have also occurred in other 
Burgess Shale species, in particular those that occur in 
large clusters of specimens (for example, in the bradoriid 
Kunmingella burgessensis), the fossil examples provided 
in this study are the clearest cases found so far. 

The Burgess Shale biota once more contributes exci- 
ting new insights into Cambrian life. The new findings 
presented here and the resulting discussion can be seen 



as first steps into a palaeo-eco-devo approach. This ap- 
proach, combining population-level ecology (demecology) 
and coordinated behavior, again, promises more surprises 
in the future. 

Competing interests 

The authors declare that they have no competing interest. 
Authors' contributions 

All authors documented the specimens, processed the images, drafted the 
manuscript and read and approved it. 

Acknowledgements 

We thank Parks Canada for granting successive collecting permits to 
D Collins (Royal Ontario Museum (ROM)). P Fenton, ROM, kindly assisted 
us with the collections. We are grateful to R Frattigiani, Laichingen, and 
G Schweigert, Staatliches Museum fur Naturkunde Stuttgart, for providing 
material for this study. We thank S Scharf, Toronto, for helpful comments on 
the manuscript. CE Brett, Cincinnati, J Vannier, Lyon, and one anonymous 
reviewer improved the manuscript significantly with their comments. J-BC's 
research was supported by a Natural Sciences and Engineering Research 
Council Discovery grant (no. 341944). JTH was funded by Yale University and 
by the Alexander von Humboldt-Foundation with a Feodor Lynen fellowship 
for postdoctoral researchers and a Feodor Lynen return fellowship. CH was 
funded by the German Academic Exchange Service (DAAD) with a return 
fellowship. JTH and CH would like to thank their hosts DEG Briggs, Yale 
University and Peabody Museum, and S Harzsch, University of Greifswald. 
This is Royal Ontario Museum Burgess Shale project number 42. 

Author details 

Zoological Institute and Museum, Department of Cytology and Evolutionary 
Biology, Soldmannstrasse 23, 17487 Greifswald, Germany, department of 
Natural History - Paleobiology, Royal Ontario Museum, 100 Queen's Park, 
Toronto, Ontario M5S 2C6, Canada. 3 University of Toronto, Department of 
Ecology and Evolutionary Biology, 25 Willcocks Street, Toronto, Ontario 
M5S 3B2, Canada. 

Received: 31 January 2013 Accepted: 10 May 2013 
Published: 30 May 2013 

References 

1. Vannier J, Steiner M, Renvoise E, Hu S-X, Casanova J-P: Early Cambrian 
origin of modern food webs: evidence from predator arrow worms. 
Proc R Soc B 2007, 274:627-633. 

2. Haug JT, Briggs DEG, Haug C: Morphology and function in the Cambrian 
Burgess Shale megacheiran arthropod Leonchoilio superlato and the 
application of a descriptive matrix. BMC Evol Biol 2012, 12:162. 

3. Haug JT, Waloszek D, Maas A, Liu Y, Haug C: Functional morphology, 
ontogeny and evolution of mantis shrimp-like predators in the 
Cambrian. Palaeontology 2012, 55:369-399. 

4. Erwin DH, Laflamme M, Tweedt SM, Sperling EA, Pisani D, Peterson KJ: The 
Cambrian conundrum: early divergence and later ecological success in 
the early history of animals. Science 201 1, 334:1091-1097. 

5. Caron J-B, Jackson DA: Palaeoecology of the Greater Phyllopod Bed 
community, Burgess Shale. Palaeogeogr Palaeocl 2008, 258:222-256. 

6. Minter NJ, Mangano MG, Caron J-B: Skimming the surface with Burgess 
Shale arthropod locomotion. Proc R Soc B 2012, 279:1613-1620. 

7. Mangano MG: Trace-fossil assemblages in a Burgess Shale-type deposit 
from the Stephen Formation at Stanley Glacier, Canadian Rocky 
Mountains: unraveling ecologic and evolutionary controls. Palaeontog 
Can 2011, 13:89-119. 

8. Vannier J: Gut contents as direct indicators for trophic relationships in 
the Cambrian marine ecosystem. PLoS One 2012, 7:e52200. 

9. Garcia-Bellido DC, Collins DH: Moulting arthropod caught in the act. 
Nature 2004, 429:40. 

10. Bruton DL: A death assemblage of priapulid worms from the Middle 
Cambrian Burgess Shale. Lethaia 2001, 34:163-167. 

11. Chatterton BDE, Collins DH, Ludvigsen R: Cryptic behaviour in trilobites: 
Cambrian and Silurian examples from Canada, and other related 
occurrences. Spec Pap Palaeontol 2003, 70:1 57-1 73. 



Haug et al. BMC Biology 201 3, 1 1 :64 
http://www.biomedcentral.eom/1 741 -7007/1 1 /64 



Page 9 of 10 



12. Whittington HB: The Burgess Shale. New Haven, CT: Yale University Press; 
1985. 

13. Hou X-G, Siveter DJ, Aldridge RJ, Siveter DJ: A new arthropod in chain-like 
associations from the Chengjiang Lagerstatte (Lower Cambrian), Yunnan, 
China. Palaeontology 2009, 52:951-961. 

14. Hou X-G, Siveter DJ, Aldridge RJ, Siveter DJ: Collective behavior in an Early 
Cambrian arthropod. Science 2008, 322:224. 

15. Caron J-B, Jackson DA: Taphonomy of the Greater Phyllopod Bed 
community, Burgess Shale. PALMOS 2006, 21:451-465. 

16. Briggs DEG: The morphology, mode of life, and affinities of Canadaspis 
perfecta (Crustacea: Phyllocarida), Middle Cambrian, Burgess Shale, 
British Columbia. Phil Trans R Soc London B 1978, 281:439-487. 

17. Gabbott SE, Zalasiewicz J, Collins DH: Sedimentation of the Phyllopod Bed 
within the Cambrian Burgess Shale Formation of British Columbia. J Geol 
Soc London 2008, 165:307-318. 

18. Haug C, Haug JT, Waloszek D, Maas A, Frattigiani R, Liebau S: New methods 
to document fossils from lithographic limestones of southern Germany 
and Lebanon. Palaeontol Electron 2009, 12:6T. 

19. Haug JT, Haug C, Kutschera V, Mayer G, Maas A, Liebau S, Castellani C, 
Wolfram U, Clarkson EN, Waloszek D: Autofluorescence imaging, an 
excellent tool for comparative morphology. J Microsc 201 1, 244:259-272. 

20. Whittington HB: Exoskeleton, moult stage, appendage morphology, and 
habits of the Middle Cambrian trilobite Olenoides serratus. Palaeontology 
1980, 23:171-204. 

21. Drach P: Mue et cycle d'intermue chez les crustaces decapode. 

Ann I Oceanogr Paris 1939, 19:103-391. 

22. Forest J: Crustaces. In Traite de Zoologie: anatomie, systematique, biologie, 
Volume 7. Edited by Grasse P-P. Paris, France: Masson; 1994. 

23. Bishop GA: Taphonomy of the North American decapods. J Crustacean 
6/0/1986, 6:326-355. 

24. Glaessner MF: Decapoda, Volume 4. Lawrence, KS: Geological Society and 
University of Kansas Press; 1969. 

25. George RY: Biphasic moulting in isopod Crustacea and the finding of an 
unusual mode of moulting in the antarctic genus Glyptonotus. J Nat Hist 
1972, 6:651-656. 

26. Johnson CG, Haine E, Cockbain AJ, Taylor LR: Moulting rhythm in the 
alienicolae of Aphis fabae Scop. (Hemiptera: Aphididae) in the field. 
Ann Appl Biol 1957, 45:702-708. 

27. Waddy SL, Aiken DE: Timing of the metamorphic molt of the American 
lobster {Homarus americonus) is governed by a population-based, 
photoperiodically entrained daily rhythm. Can J Fish Aquat Sci 1999, 
56:2324-2330. 

28. Tarling GA, Cuzin-Roudy J: Synchronization in the molting and spawning 
activity of northern krill {Meganyctiphanes norvegica) and its effect on 
recruitment. Limnol Oceanogr 2003, 48:2020-2033. 

29. Fowler HG, Gobbi N: Communication and synchronized molting in a 
colonial araneid spider, Eriophoro bistriato. Cell Mol Life Sci 1998, 
44:720-722. 

30. Leinaas HP: Synchronized moulting controlled by communication in 
group-living Collembola. Science 1983, 291:193-195. 

31. Baker JE: Synchronized pupation in starved and fed larvae of the black 
carpet beetle. Ann Entomol Soc Am 1 977, 70:299-302. 

32. Schmidt K, Tarling GA, Plathner N, Atkinson A: Moult cycle-related changes 
in feeding rates of larval krill Meganyctiphanes norvegica and 
Thysanoessa spp. Mar Ecol Prog Ser 2004, 281:131-143. 

33. Cleland CE: Historical science, experimental science, and the scientific 
method. Geology 2001, 29:987-990. 

34. Bublitz R, Sainte-Marie B, Newcomb-Hodgetts C, Fletcher N, Smith M, 
Hardege J: Interspecific activity of the sex pheromone of the European 
shore crab {Carcinus maenas). Behaviour 2008, 145:1465-1478. 

35. Tomaschko K-H: Ecdysteroids from Pycnogonum litorale (Arthropoda, 
Pantopoda) act as chemical defense against Carcinus maenas (Crustacea, 
Decapoda). J Chem Ecol 1994, 20:1445-1455. 

36. Strausfeld NJ: Some observations on the sensory organization of 
the crustaceomorph Waptia fieldensis Walcott. Palaeontogr Can 201 1, 
31:157-168. 

37. Ma X, Hou X-G, Edgecombe GD, Strausfeld NJ: Complex brain and optic 
lobes in an early Cambrian arthropod. Nature 2012, 490:258-261. 

38. Minelli A: Part III. Evolving diversity. In Evolving Pathways - Key Themes in 
Evolutionary Developmental Biology. Edited by Minelli A, Fusco G. Cambridge, 
UK: Cambridge University Press; 2008:215-216. 



39. Wilson LAB: The contribution of developmental palaeontology to 
extensions of evolutionary theory. Acta Zoologica 201 1. doi:1 0.1 111/ 
j. 1463-6395.20 11.00539.x. 

40. Urdy S, Wilson LAB, Haug JT, Sanchez-Villagra MR: On the unique 
perspective of palaeontology in the study of developmental evolution 
and biases. Biol Theo. doi:1 0.1 007/s1 3752-01 3-01 1 5-1 . 

41. Muller GB: Evo-devo as a discipline. In Evolving Pathways — Key Themes in 
Evolutionary Developmental Biology. Edited by Minelli A, Fusco G. Cambridge, 
UK: Cambridge University Press; 2008:5-30. 

42. Sultan SE: Plant developmental responses to the environment: eco-devo 
insights. Curr Opin Plant Biol 2010, 13:96-101. 

43. Fiedler GC: Functional, simultaneous hermaphroditism in female-phase 
Lysmata amboinensis (Decapoda: Caridea: Hyppolytidae). Pac Sci 1998, 
52:161-169. 

44. Raviv S, Parnes S, Sagi A: Coordination of reproduction and molt in 
decapods. In Reproductive Biology of crustaceans: case studies of decapod 
crustaceans. Edited by Mente E, Enfield ME. New Hampshire, CT: Science 
Publishers; 2008:365-390. 

45. Koolman J: Ecdysteroids. Zoolog Sci 1 990, 7:563-580. 

46. Ims RA: The ecology and evolution of reproductive synchrony. Trends Ecol 
Evol 1990, 5:135-140. 

47. Patel B, Crisp DJ: Relation between the breeding and moulting cycles in 
cirripedes. Crustaceana 1961, 2:89-107. 

48. Unwin EE: Notes upon the reproduction of Asellus aquaticus. J Lin Soc 
London Zoo 1920, 34:335-343. 

49. Shuster SM: Female sexual receptivity associated with molting and 
differences in copulatory behavior among the three male morphs in 
Paracerceis sculpta (Crustacea: Isopoda). Biol Bull 1989, 177:331-337. 

50. Speyer SE, Brett CE: Clustered trilobite assemblages in the Middle 
Devonian Hamilton group. Lethaia 1985, 18:85-103. 

51 . Karim T, Westrop SR: Taphonomy and paleoecology of Ordovician 
trilobite clusters, Bromide Formation, south-central Oklahoma. PALAIOS 
2002, 17:394-402. 

52. Braddy SJ: Eurypterid palaeoecology: palaeobiological, ichnological and 
comparative evidence for a 'mass-moult-mate' hypothesis. Palaeogeogr 
Palaeocl 2001, 172:115-132. 

53. Vrazo MB, Braddy SJ: Testing the 'mass-moult-mate' hypothesis of 
eurypterid palaeoecology. Palaeogeogr Palaeocl 201 1, 31 1:63-73. 

54. Brockmann HJ: Mating behavior of horseshoe crabs, Limulus polyphemus. 
Behaviour mo, 114:206-220. 

55. Mattei JH, Beekey MA, Rudman A, Woronik A: Reproductive behavior in 
horseshoe crabs: does density matter? Curr Zoo 2010, 56:634-642. 

56. Kamenz C, Staude A, Dunlop JA: Sperm carriers in Silurian sea scorpions. 
Naturwissenschaften 201 1, 98:889-896. 

57. Kim KW: Social facilitation of synchronized molting behavior in the 
spider Amaurobius ferox (Araneae, Amaurobiidae). J Insect Behav 2001, 
14:401-409. 

58. Butterfield NJ: Leanchoilia guts and the interpretation of three- 
dimensional structures in Burgess Shale-type fossils. Paleobiology 2002, 

28:155-171. 

59. Schollmann L: Archaeostomatopodea (Malacostraca, Hoplocarida) aus 
dem Namur B (hoheres Marsdenium, Karbon) von Hagen-Vorhalle 
(NRW, Deutschland) und eine Neudefinition einiger Arten der Familie 
Tyrannophontidae. Geol Palaontol Westf 2004, 62:1 1 1-141. 

60. John DM, Hawkins SJ, Price JH: Plant-animal interactions in the marine 
benthos. Oxford, UK: Clarendon Press; 1992. 

61 . Morse ANC: Role of algae in the recruitment of marine invertebrate 
larvae. In Plant-animal interactions in the marine benthos, Systematics 
Association Special Volume. Edited by John DM, Hawkins SJ, Price JH. 
Oxford, UK: Claredon Press; 1992:385-403. 

62. Marx JM, Herrnkind WF: Macroalgae (Rhodophyta: Laurencia spp.) as 
habitat for young juvenile spiny lobsters, Panulirus argus. B Mar Sci 1985, 
36:423-431. 

63. Roughgarden J, Gaines S, Possingham H: Recruitment dynamics in 
complex life cycles. Science 1988, 241:1460-1466. 

64. Coen LD, Heck KL Jr, Abele LG: Experiments on competition and 
predation among shrimps of seagrass meadows. Ecology 1981, 
62:1484-1493. 

65. Kanciruk P: Ecology of juvenile and adult Palinuridae (spiny lobsters). In 

The Biology and Management of Lobsters, Volume 2. Edited by Cobb JS, 
Phillips BF. NY: Academic Press; 1980:59-96. 



Haug et al. BMC Biology 201 3, 1 1 :64 
http://www.biomedcentral.eom/1 741 -7007/1 1 /64 



Page 10 of 10 



66. Aponte NE, Ballantine DL: Depth distribution of algal species on the deep 
insular fore reef at Lee Stocking Island, Bahamas. Deep Sea Research Part I: 
Oceanograph Res Pap 2001, 48:2185-2194. 

67. Tzetlin AB, Mokievsky VO, Melnikov AN, Saphonov MV, Simdyanov TG, 
Ivanov IE: Fauna associated with detached kelp in different types of 
subtidal habitats of the White Sea. Hydrobiologia 1997, 355:91-100. 

68. Allison PA, Briggs DEG: The taphonomy of soft-bodied animals. In The 
Processes of Fossilization. Edited by Donovan SK. London, UK: Belhaven Press; 
1991:120-140. 

69. Ruedemann R: Some new Middle Cambrian fossils from British Columbia. 

ProcUSNatMus 1931,79:1-18. 

70. Walcott CD: Cambrian geology and paleontology 4. No. 5, Middle 
Cambrian algae. Smithsonian Misc Coll 1919, 67:217-260. 

71 . Satterthwait DF: Paleobiology and Paleoecology of Middle Cambrian Algae 
from Western North America. Los Angeles: University of Los Angeles: Phd 
thesis (unpublished); 1976. 

72. Paterson JR, Jago JB, Brock GA, Gehling JG: Taphonomy and 
palaeoecology of the emuellid trilobite Balcoracania dailyi (early 
Cambrian, South Australia). Palaeogeogr Palaeocl 2007, 249:302-321. 

73. Polz H, Tischlinger H: Anthonema - Der 'Blutenfaden' aus dem 
Altmuhljura. Fossil '/en 2000, 5:289-296. 

74. Scholtz G, Edgecombe GD: The evolution of arthropod heads: reconciling 
morphological, developmental and palaeontological evidence. Dev Genes 
Evol 2006,216:395-415. 

75. Haug JT, Maas A, Waloszek D: iHenningsmoenicaris scutula, iSandtorpia 
vestrogothiensis gen. et sp. nov. and heterochronic events in early 
crustacean evolution. Earth Env Sci T R So Edinb 2010, 100:31 1-350. 

76. Haug JT, Waloszek D, Haug C, Maas A: High-level phylogenetic analysis 
using developmental sequences: The Cambrian iMartinssonia elongata, 
iMusacaris gerdgeyeri gen. et sp. nov. and their position in early 
crustacean evolution. Arthropod Struct Dev 2010, 39:154-173. 



doi:1 0.1 1 86/1 741 -7007-1 1 -64 

Cite this article as: Haug et al.: Demecology in the Cambrian: 
synchronized molting in arthropods from the Burgess Shale. BMC 

Biology 201 3 11:64. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at (^\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ ™omea centra I 



